We investigate numerically an analog of electromagnetically induced transparency (EIT) in an all-dielectric metamaterial-waveguide (ADMW) that consists of a twodimensional silicon rod array on quartz slab waveguide. The EIT-like response is achieved by the destructive interference between a broad magnetic resonance and a narrow guide mode resonance. By tailoring the guided mode through the thickness of the slab waveguide or the lattice period of the metamaterial, an EIT-like transmission window is achieved with both high Q-factor (>10 4 ) and high transmission (>94%). And the group refractive index at the EIT-like resonance of the ADMW can be up to several thousands. These results demonstrate that the proposed ADMW has potential applications in low-loss slow-light based devices, bio-chemical sensing, and optical modulations.
Introduction
The effect of electromagnetically induced transparency (EIT) is occurred in three-level atomic systems due to the quantum destructive interference between two different pathways, which results in a narrow transmission window through an otherwise opaque medium. The feature of strong dispersion in the transparency window makes it beneficial for applications in slow-light, optical delay line, storage, and sensors [1] , [2] . Recently, the EIT-like response in plasmonic metamaterials (MMs), which is originated from the coherent coupling between radiant-subradiant resonance modes, has attracted much interest due to their simple structure and easy manipulation [3] - [6] . However, plasmonic structures unavoidably suffer from ohmic loss of the metal and radiative loss of surface modes of MMs, which are the main limitations to achieve high transmission, high Q-factor, or large group index, especially in optical wavelength range [7] - [11] . Even if the Q-factor or the group index of the EIT-like resonance can be increased remarkably by introducing a high Q guided mode resonance (GMR) in an MM waveguide, high transmission is still difficult to realize [12] - [15] . Unlike plasmonic MMs, dielectric resonators provide a potential solution to the issue of Joule losses. Owing to effective light confinement, dielectrics with high permittivity such as germanium and silicon can generate magnetic dipoles, electric dipoles and higher order dipoles due to Mie resonances with low absorption losses [16] - [18] . In the past years, dielectric rods as building blocks for all-dielectric MMs or metasurfaces have been reported to realize negative refraction [19] - [22] , EIT-like or Fano resonances with calculated high Q value over 10
4 [23] - [26] . And in these cases, the normal incident light with its electric field polarized along the rod is usually used to excite electric dipole resonance (ER) or magnetic dipole resonance (MR). Similar to the EIT-like resonance realized in metallic metamaterial-waveguides, the EIT-like transmission based on GMR have been obtained in silicon nanopillar array composed all-dielectric metamaterial-waveguide (ADMW) system, but the calculated group index is ∼70, which is low [27] .
In this paper, we investigate an analogue of EIT behavior in a simple rod-type ADMW and demonstrate that the quality of the EIT-like response can be enhanced greatly by employing destructive interference between a high Q GMR and a low Q MR when the incident light with its electric field polarized perpendicular to the rod illuminates on the MM. Both high transmission and high Q-factor of the EIT-like response are achieved, and the group index in the transparency window can reach up to several thousands.
Design and Simulation Results
The schematic of the designed ADMW is illustrated in Fig. 1 , where a silicon rod array (n = 3.45) is deposited on top of a slab waveguide layer (quartz, n = 1.46) with a thickness of t. Unlike those reported rod-type all-dielectric MMs, where normal incident light polarized along the rod is usually used to excite a broad electric dipole resonance (ER) [23] - [26] , in this paper, a plane wave with its electric field polarized perpendicular to the rod (i.e., in x-axis) illuminates on the MM at normal incidence. Numerical simulations are conducted using commercially available CST software at frequency-domain, and periodic boundary conditions are considered both in the x and y directions and perfectly matched layers are used in the wave propagating direction z. The lattice periods in the x and y direction are fixed at Px = 400 nm and Py = 440 nm, respectively.
At first, in order to exclude the influence of GMRs of the ADMW, a semi-infinite quartz substrate is assumed in the calculation. Fig. 2(a) shows the simulated transmission spectra of the dielectric rods based MM with different rod length in the wavelength range of 590∼635 nm. A broad resonance dip is observed around the wavelength of 604 nm with a Q-factor of ∼17 when the length of the rod equals to 360 nm. And when the rod length increases, the wavelength of this resonance dip redshifts. The locally excited electric field and magnetic field in one unit cell at the resonant wavelength of 604 nm are illustrated in Fig. 2 (b) and (c) when a = 360 nm, which corresponds to the MR. The |E| and |H| represent the amplitude of the electric and magnetic fields, respectively. The electric field forms loops in the x-z plane, whereas the magnetic field is mainly localized in the dielectric rod and is linearly polarized along the y axis in the x-y plane which is resulted from the enhancement of the displacement current [28] , [29] . Moreover, numeric simulations also indicate that the wavelength of this MR also red-shifts with the increase of the rod width b which is later shown in Fig. 4 .
Then the thickness of the quartz substrate is considered, GMRs will be excited by the first order diffracted beams coupling to the slab waveguide due to the existence of two-dimensional dielectric MM gratings. In terms of GMR theory [13] , [14] , the resonance wavelength of the GMRs is sensitive to the thickness of the slab waveguide, as shown in Fig. 3 . The wavelengths of GMRs are around 604, 619, and 627 nm when the slab waveguide thickness is 480, 680, and 880 nm, respectively. Calculated by the grating diffraction equation and assuming all-reflection condition between the substrate and air, the wavelength of the GMR will range from the grating period P to nP (n = 1.46, which is the refractive index of the quartz substrate). When the spectral range of 590 to 635 nm is considered, the GMRs excited by the MM grating in the x direction with Px = 400 nm is excluded, therefore the GMRs shown in Fig. 3 is attributed to the beam diffraction by the MM grating in the y direction with Py = 440 nm. When the slab waveguide thickness t = 880 nm, a GMR appears at 627 nm accompanying with strong resonance strength and narrow linewidth (Q = 2150), while the wide dip MR around 604 nm is also observed in Fig. 3 which is insensitive to the thickness of the slab waveguide layer. However, the coupling between these two resonances (GMR and MR) is weak because of their large resonance detuning. As the thickness of the slab waveguide layer decreases, the GMR will blue shift towards the dip of the MR, and strong coupling between them occurs, resulting in Fano resonance, which is shown in Fig. 3 when t = 680 nm. Especially, when these two simultaneously excited resonances have sufficiently small resonance detuning, by coherent coupling between them, an EIT-like transparency window appears, which is shown in Fig. 3 when t = 480 nm. Due to the large linewidth contrast of these two resonances, a sharp EIT-like resonance is achieved around wavelength of 604 nm with high Q (∼600) and high transmission (∼96%). To further identify the mode nature of the GMR, the distribution of electric field (Ex) at 604 nm is exhibited in Fig. 3(b) , which indicates a TE 0 waveguide mode.
The wavelength of the MR strongly depends on the geometric parameters of the silicon rod, but insensitive to the thickness of the slab waveguide, which is just the opposite for the GMR. Thus, an EIT-like optical response under different geometric parameters of the dielectric rod (a and b) can be easily obtained by adjusting the slab waveguide thickness t, which is shown in Fig. 4 . In Fig. 4(a) , the wavelength of the EIT-like resonance red-shifts with the increase of the rod length a, and the transparency window narrows. The corresponding Q value of the EIT-like resonance with respect to the rod length a is shown in Fig. 5(a) , and is over 10000 when a > 400 nm. This high Q value is mainly attributed to the narrow resonance of the GMR, which is induced by the weak modulation depth of the MM grating leading to less diffracted light energy coupling to the waveguide, a thicker slab waveguide will further decrease its coupling efficiency [12] , [30] , [31] , i.e., the Q value is inversely proportional to both the modulation depth of grating and the coupling efficiency. When the modulation depth of the MM grating decreases as the rod length increases from Py/2 to Py, the Q value of the EIT-like resonance increases. Especially, when the rod length increases to a = Py, there is no modulation depth of grating along the y-axis, the GMR in Fig. 4 will not be excited. Moreover, the transmission of the EIT-like resonance is over 94%, which even increases when the transparency window narrows. This is quite different from its metallic counterpart [12] , or some symmetric broken all-dielectric MMs [26] , [32] , where the transmission of the EIT-like resonance remarkably decreases with the narrowing of its spectrum. Similar results for the EIT-like resonance can be obtained when the rod width b changes (as shown in Figs. 4(b) and 5(b) ), except that the wavelength of the MR is more sensitive to the rod width than the rod length and the modulation depth of the MM grating will increase slowly with the rod width. When the rod width b increases to 220 nm, the MR red-shifts quickly to 637.7 nm, thus we need to increase the slab waveguide thickness to 1600 nm so that the GMR of TE 0 mode matches the MR, and the EIT-like resonance with a high Q value of 14000 is achieved at the wavelength of 637.7 nm. Moreover, two GMR modes of TE 1 at 622 nm and TE 2 at 600 nm, and their coupling with the MR can also be observed in the gray zone of the Fig. 4(b) . Here, we should mention that the EIT-like resonance can also be achieved by coherent coupling between the MR and any other high order GMR modes, though it is not discussed in this paper.
The EIT-like transmission response with different rod length or width can also be achieved by adjusting the lattice period of the MM, which is shown in Fig. 6 at a fixed waveguide thickness of 800 nm. In Fig. 6(a) , the MR red-shifts as the rod length increases, hence the lattice period Py needs to be increased to realize the EIT-like response. Since the wavelength of the GMR is more sensitive to the period of the MM grating, the Py only increases from 440 nm to 446 nm when the rod length increases from 360 nm to 420 nm. However, the modulation depth of the MM grating increases with the lattice period, and decreases with the rod length, as a result, the Q value of the EIT-like resonance increases with the rod length, and is smaller than that with a fixed lattice period of 440 nm as shown in Fig. 4(a) . In addition, the Py needs to be increased quickly from 425 nm to 450 nm when the rod width increases from 160 nm to 220 nm (as shown in Fig. 6(b) ), thus the Q-factor of the EIT-like resonance decreases with the rod width.
The narrow transparency window is usually associated with steep dispersion resulting in low group velocity of light propagation, i.e., slow light effect which is one of the important characteristics of the EIT-like phenomenon. The group index of light in the transparency window can be evaluated by the relation: where k z denotes the wave vector, ω represents angular frequency and c is the speed of light at vacuum, ϕ represents the simulated phase change when light beam passes through the structure, t is the thickness of the waveguide layer. Fig. 5 (a) and (b) illustrate the calculated maximal group index in the transparency window at fixed lattice period with respect to the rod length and width, respectively. The group index increases rapidly as the rod length or width increases, and large group index over 1000 can be obtained when a > 390 nm or b > 210 nm with this proposed simple structure. The group index for the EIT-like resonance realized by adjusting the lattice period of the MM is also shown in Fig. 7 (a) and (b), and it increases with the rod length, but decreases with the rod width. As a result, large group index over 1000 can be obtained easily with a large value of a (>405 nm), but difficult even when the rod width b is large. Finally, it should be mentioned that although the EIT-like response can also be obtained by choosing appropriate geometric parameters of the ADMW for a normally incident wave polarized parallel to the rod (i.e., in y-axis), the calculated Q value and the group refractive index of the EIT-like resonance (not given in this paper) are much smaller than those obtained for the wave polarized perpendicular to the rod. Moreover, the spectral range of the EIT-like response for our proposed ADMW can be easily expanded to longer wavelength. For practical realization, one should choose appropriate materials for the rod and the waveguide in different wavelength, especially, the loss of the material (not considered in this paper) will influence largely on the properties of the EIT-like response. And a free-standing device may be fabricated by using a combination of electron beam lithography, reactive-ion etching and a subsequent lift-off process [23] , [33] .
Conclusion
In conclusion, we have numerically demonstrated the EIT-like transmission response in an ADMW with a silicon rod array on a quartz slab waveguide. The EIT-like resonance is originated from the destructive interference between a broad MR and a narrow GMR. The resonance wavelength of the MR is strongly dependent on the geometric parameters of the silicon rod, but insensitive to the thickness of slab waveguide or the lattice period of MM, which is just the opposite for the GMR. Thus, by tailoring the guided mode through the thickness of the slab waveguide or the lattice period of the MM, an EIT-like transmission window is achieved at different rod width or length. Due to the elimination of the Joule losses, the Q-factor of the EIT-like resonance can reach up to over ten thousands while the transmission is still high (>94%), which is almost impossible for plasmonic metamaterials. And the group refractive index at the EIT-like resonance of the ADMW can also be as large as several thousands. Moreover, the calculated Q value and the group refractive index of the EIT-like resonance for a normally incident wave polarized perpendicular to the rod are much larger than those obtained for a parallel polarized incident wave. The ADWM proposed in this paper has the advantages of low loss, simple structure, and CMOS-compatible fabrication, so it can be widely used in applications, such as low-loss slow light devices, label-free bio-chemical sensing, and optical modulations.
